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Alumina-filled  epoxy  composites  are  used  in  high-voltage  applications 
because  of  their  high  dielectric  strengths.  One  application  is  the  encap- 
sulation of  ferroelectric  elements  for  shock  depoling.1  Only  a few 
investigations  have  been  reported  on  the  shock  response  of  these  composite 
materials.2,3  This  report  describes  the  measurement  of  the  shock  wave 
equation  of  state  for  a commercially  available  alumina-filled  epcxy, 

Castall  300  resin  and  RT  7 hardener/4  in  the  stress  range  from  approximately 
0.4  to  3.7  GPa . 

Castall  300  - RT  7 epoxy  contains  five  constituents  with  the  follow- 
ing weigi.*"  percentages:  66.7%  AI2O3  particles,  21-8%  Castall  100 

unfilled  epoxy,  7.4%  RT  7 hardener,  2.7%  lamp  black,  and  1.4%  of  an 
additional  proprietary  ingredient.  The  volume  fraction  of  AI2O3  particles 
for  this  mixture  is  0.37.  The  particles  vary  in  size  between  2 and  50 
i-im  with  the  median  size  being  8 um.J 

In  addition  to  the  shock  wave  measurements,  the  zero-pressure  ultra- 
sonic longitudinal  wave  velocity  was  measured  for  comparison  with  the 
zero-particle-velovity  intercept  of  the  shock  velocity  - particle  velo- 
city data.  The  experimental  techniques  used  for  the  shock  wave  and 
ultrasonic  measurements  are  presented  in  the  next  section.  Results  are 
discussed  in  the  third  section. 

EXPERIMENTAL  TECHNlyUES 

The  shock  wave  measurements  were  performed  with  a gas  gun.f'  A 
schematic  of  the  gun  is  shown  in  i a re  1 The  bore  diameter  is  40  mm. 

A projectile  with  impactor  disk  is  loaded  into  the  barrel  and  a target 
assembly  containing  the  specimen  is  i >unted  on  the  muzzle.  The  barrel  is 
evacuated  to  0.1  Pa  pressure  to  minimize  gas  cushion  effects  at  impact. 
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Figure  1.  Schematic  of  Gas  Gun 


The  gun  is  fired  by  actuating  the  fast  opening  valve.  The  projectile 
impact  velocity  can  be  varied  in  a controlled  manner  over  the  range  from 
0.03  to  1 km/s . 

A series  of  experiments  was  performed  in  which  a Castall  disk  was 

impacted  onto  a quartz  gauge.  In  this  type  of  experiment  the  Castall 

shock  stress  a and  particle  velocity  u are  measured.  The  Castall  impactor 

and  quartz  gauge  are  stressed  directly  in  uniaxial  compression.  The 

shock  stress  o is  calculated  from  the  measured  quartz  qauge  current  i . 

This  is  done  by  using  the  relationship  between  i and  the  shock  stress 

7 a- 

a in  the  quartz  gauge  and  the  equation  o = a . The  particle  velocity 
q q 

u can  be  obtained  from  the  mass  continuity  equation  across  the  impact 

interface : 


u = U 


(1) 


where  U is  the  measured  projectile  velocity  and  u is  the  ouartz 
o q • 

particle  velocity  calculated  from  o using  the  constitutive  equation 
for  quartz.  The  Castall  shock  velocity  U is  obtained  from  the  Hugoniot 
shock  wave  equation 


o = p U u (2) 

o 

where  p is  the  initial  Castall  density. 

o 

Shunted  guard-ring  quartz  gauges  were  used  in  these  experiments 
(Valpey-Fisher  No.  VC-B-11-01-0006) . The  read  time  for  these  gauges  is 
approximately  230  ns;  this  is  the  time  required  for  the  shook  stress  to 
propagate  through  the  thickness  of  the  quartz  disx. 


A series  of  shock  transit-time  experiments  was  performed  on  Castall 
disks  to  measure  the  shock  velocity,  the  particle  velocity,  and  the  time 
dependence  of  the  stress.  Figure  2 is  a schematic  of  the  muzzle  region 
for  these  measurements.  Either  a quartz  or  Castall  disk  is  impacted  onto 
the  specimen.  The  average  projectile  velocity  at  impact  is  measured  with 
the  three  charged  pins  in  the  side  of  the  barrel.  The  impact  time  is 
measured  by  the  four  tilt  pins  which  are  placed  around  the  specimen.  The 


Figure  2.  Schematic  of  Muzzle  Region  for  Shock  Transit-Time  Measurement 


tilt  pin  ends  are  positioned  in  the  plane  of  the  impact  face  of  the  speci- 
men to  within  1 pm.  A quartz  gauge  or  piezoelectric  pin  < Valpey-Fisher 
Pinduc  No.  VP-1093-1.5)  is  centered  on  the  back  of  the  specimen  to 
measure  the  time  when  the  stress  wave  reaches  it.  The  quartz  gauge  measures 
the  stress-time  profile  at  the  specimen-quartz  interface  and  the  pinducer 
indicates  the  arrival  of  the  stress  wave  at  the  interface.  The  shock 
transit  time  is  determined  by  measuring  the  time  difference  between  the 
tilt  data  and  the  quartz  gauge  or  pinducer  data.  A Berkley  Nucleonics 
digital  delay  generator  with  1-ns  resolution  is  used  for  producing  two 
reference  pulses  which  are  time  delayed  with  respect  to  each  other  by  a 
predetermined  amount.  The  initial  pulse  is  recorded  on  the  tilt  data 
trace  and  the  delayed  pulse  is  recorded  on  the  quartz  gauge  or  pinducer 
data  trace.  A toolmaker’s  microscope  is  used  to  obtain  pulse  amplitude 
and  time  information  from  the  data  traces. 

The  ultrasonic  pulse-echo  technique  was  used  for  the  longitudinal 
wave  velocity  measurements  on  Casta1 1 disks  for  comparison  with  the  zero- 
particle-velocity  intercept  data.  A Panametrics  Pulsar-Receiver  and 
Dapco  transducers  were  used  for  the  measurements.  The  time  difference 
between  the  echos  was  measured  using  a Tektronix  oscilloscope  with  a 
digital  delay  plug-ii.  having  1-ns  resolution. 

RESULTS  AND  DISCUSSION 

The  average  measured  density  fo1'  the  Castall  disks  is  2.21  Mg/m  . 

A summary  of  the  shock  wave  data  is  given  in  Table  1.  A brief  description 
of  a shot  is  given  in  the  second  column  of  the  table.  Impact  tilt  was 
measured  in  three  transit-t -.me  experiments  with  the  tilt  pin  technique, 
and  was  obtained  from  the  risetime  of  the  quartz  gauge  pulse  in  the 
direct-impact  experiments.  The  average  tilt  value  for  the  shots  is  2.6 
mrad.  The  projectile  velocity  accuracy  is  0.2%.  The  estimated  particle 
velocity  accuracy  is  11;  the  shock  stress  and  shock  velocity  accuracy  is 
estimated  to  be  2-3%. 
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Table  1.  Shock  Wave  Data  for  Castall  300  - RT  7 Epoxy 


Prcjert  lie  Specif.**.-;  Particle  Shock 


shot 

NO- 

besenj 

?tion 

Velocity 

K-T./S 

Thickness 

TOT. 

ve loci ty 
kr.  s 

velocity 

kr./s 

Stress 

,r  a 

c 

125 

Castall 

Castall/tilt 

pins  , 

quartz  gauge 

0.102 

6.  370 

1 1 .051 

3. 13 

0.353 

0.0i62 

m 

Castall 

- 

quartz  gauge 

0.  119 

? . "9 

C.0P6 

2.66 

0.505 

0.0322 

62 

Castall 

- 

quartz  ga::ge 

0.149 

3 . 1*8 

0.  195 

2.86 

0.665 

0.0367 

131 

Castall 

- 

Castall/tilt 

pins, 

quartz  gauge 

C.  352 

6.387 

0.176. 

3.04 

1.18 

0.0580 

64 

Castall 

• 

quar  tz  gauge 

0.2?5 

3.195 

0.189 

3.  ) 1 

1 . 31 

C . 0-6  38 

126 

s.astal  1 

■* 

quartz  gauge 

0.390 

2.-C 

C.26S 

3.26 

1.91 

0.0614 

65 

Castall 

- 

Castall/ci It 

pins, 

pinducer 

0.566 

6.390 

0 . 2a  3 

3.29 

2.0  5 

0.0859 

6? 

Quartz 

•* 

Castall/tilt 

pins, 

pinduce*' 

0.  557 

6.  393 

0. 37  3 

3.4S 

2.83 

•J.  10f 

l :? 

Castal 1 

quartz  gauge 

0.721 

C.4  79 

3.5^ 

3.72 

0.13“ 

Previous  work  on  the  viscoelastic  materials  Epon  828  epoxy  and 

9 

polymethyl  methacrylate  (PMMA)  indicate  that  shock  waves  in  these 

materials  arc  nc  .-.steady  and  dispersive  under  some  conditions  but  that. 

for  sufficient  sample  thicknesses  and  shock  stress  amplitudes  the  waves 

become  steady.  Similar  phenomena  is  expected  in  Castall  300  which  is  a 

viscoelastic  composite  material.  Steady  waves  are  achieved  for  Epon  823 

for  a particle  velocity  and  sample  thickness  greater  than  0.1  km./s  and  9.5 
8 

mm,  respectively.  In  order  to  apply  the  Hugoniot  equilibrium  equations 
to  the  transit-time  experiments  it  is  assumed  that  the  waves  are  steady. 
Based  on  the  Epon  823  criteria  this  may  not  be  strictly  true  for  the  shot 
with  the  lowest  particle  velocity. 

For  the  two  transit-time  measurements  with  back-surface  quartz  gauges, 
the  shock  velocity  was  determined  from  the  half-amplitude  value  of  the 
quartz  gauge  pulse.  This  velocity  can  be  used  with  the  Hugoniot  equations 

g 

to  give  the  eauilibrium  response  of  the  material.  For  the  back-surface 
measurements  the  signal  was  sufficiently  spread  out  in  time  due  to  the 


dispersive  nature  of  Castall  that  the  entire  signal  was  not  recorded 
during  the  read  time  of  the  gauge.  The  signals  reached  about  70%  of  their 
estimated  maximum  value  based  on  an  incident  shock  stress  calculated  from 
the  direct-impact  experiments.  An  estimated  error  of  only  about  2%  in  the 
shock  velocity  measurements  was  introduced  by  using  the  actual  (compared 
to  the  expected)  half-amplitude  values  because  the  shock  transit  times 
were  sufficiently  long  ("-2  ;.s)  compared  to  the  ha  If -amplitude  uncertainty. 

'Two  measurements  of  the  shock  transit  time  were  made  with  back-surface 
pinducers.  The  velocities  for  these  measurements  may  be  a few  percent  too 
large  since  a pinducer  measurement  yields  the  first-signal  velocity,  albeit 
a straight-line  least-squares  fit  of  the  shock  velocity  - particle  velocity 
data  was  not  appreciably  affected  by  deleting  these  shots. 

The  last  column  in  Table  1 gives  the  unaxial  strain  t for  the  Castall 
system.  The  strain  is  given  by 


u 


V - V 
o 


V 

o 


(3) 


where  V = c and  V = c are  the  initial  and  final  specific  volumes, 
o o 

respectively,  for  the  material. 


A quartz  gauge  record  from  a direct-impact  experiment  is  shown  in 
Figure  3.  The  read  time  for  the  gauge  is  the  duration  of  the  first 
positive  current  pulse.  The  stress  in  the  Castall  impactor  is  obtained 
from  the  initial  iump  in  the  current.  Figure  4 is  a quartz  gauge  pulse 
from  a back-surface  measurement.  The  risetime  of  this  pulse  is  large 
compared  with  that  for  the  direct- impact  experiment  (Figure  3)  due  to  the 
dispersive  nature  of  this  composite  material. 


► • - 


Figure  3.  Quart/.  Gauge  Pulse  From  Direct-Impact  Experiment  (Time  in- 
creases from  left  to  right.  The  current  calibration  trace 
(upper  horizontal  line)  has  an  amplitude  of  120  mA.  The  quartz- 
gauge  current  amplitude  is  221  mA  corresponding  to  a stress  of 
3.9  GPa.  A 20-ns-period  time  calibration  wave  is  shown  at  the 
bottom. ) 


\ 


Figure  4 . Quartz  Gauge  Pulse  From  Transmitted-Wave  Experiment  (Time  in- 
creases from  left  to  right.  The  current  calibration  trace 
(upper  horizontal  line)  has  an  amplitude  of  100  mA.  A 20-ns- 
period  time  calibration  wave  is  the  middle  trace.  The  time- 
reference  square  pulse  at  the  bottom  is  used  for  measuring  the 
wave  velocity  in  the  specimen.) 
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A plot  of  the  Castall  shock  velocity  - particle  velocity  (U,  u)  data 
is  given  in  Figure  5.  The  scatter  in  the  U,  u point  with  the  lowest 
particle  velocity  may  be  due  to  impact  tilt  or  wave  r.onsteadiness . A 
straight-line  least-squares  fit  of  the  data  gives  U = 2.78  + 1.63  u for 
the  shock  wave  equation  of  state  in  the  stress  range  0.4  to  3.7  GPa.  The 
average  value  for  the  ultrasonic  longitudinal  wave  velocity  is  2.88  km/s 
for  a 2 to  4 MHz  center  frequency  of  a broad-band  pulse.  This  value  is 
only  about  4%  larger  than  the  zero-particle-velocity  intercept  of  2.78  km/s 
obtained  from  the  shock  data,  indicating  that  the  ultrasonic  and  U,  u 
intercept  velocities  are  in  agreement.  The  equation  of  state  for  a 
different  alumina-filled  epoxy  with  a larger  density  and  volume  fraction 
of  AI2O3  particles3  than  Castall  is  shown  for  comparison.  The  u,  u 
curve  for  unfilled  Epon  828-Z8  is  also  shov/n.  Comparison  of  the  curves 
for  these  materials  in  this  stress  range  indicates  that  the  addition  of 
AljO^  particles  to  an  unfilled  epoxy  shifts  the  curve  upward  with  minimum 
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Figure  5.  Shock  Velocity  - Particle  Velocity  Relationship  for 
Castall  300  - RT  Epoxy 


slops  change.  These  results  also  show  that  the  epoxy  matrix  still 
controls  the  U,  u dependance  for  the  composite,  since  even  with  a large 
addition  ( v40  volume  %)  of  higher  wave  velocity  (>8  km/s)  particles  the 
shock  velocity  of  the  composite  increases  only  on  the  order  of  10%. 

Figure  6 shows  the  data  points  and  the  resulting  stress  - particle 
velocity  relationship  for  Castall  determined  from  the  U,  u relation  and 
Equation  2.  The  curves  for  the  higher  density  alumina-tilled  epoxy  and 
the  unfilled  Epon  828-Z  epoxy  are  shown  for  comparison. 


Figure  6.  Stress  - Particle  Velocity  Relationship  for  Castall  300  - 
RT  7 Epoxy 
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SUMMARY 


I 
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r 
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k 
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The  shock  wav  ■ equation  of  state  for  castall  300  alumina-filled 
epoxy  has  been  determined  in  the  tress  range  from  0.4  to  3.7  GPa  with 
a gas  gun.  The  results  are  compared  with  the  equation  of  state  for  an 
unfilled  epoxy  resin  and  an  alumina-filled  epoxy  of  different  density. 
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